Room temperature ionic liquid (RTIL) possessing negligible vapor pressure can be put in a vacuum chamber without vaporization. This fact enables to make wet condition even under vacuum condition although it is absolute common sense that vacuum conditions must be dry world. Based on this attracting fact, we have attempted to introduce RTILs to several kinds of instruments, which need to keep vacuum condition in their sample chamber for analyses and material productions. Introduction of RTIL to analyses requiring vacuum conditions including electron microscopy and energy dispersed X-ray fluorescence spectroscopy allows us to observe samples with wet condition and chemical reactions and to analyze these samples. Metal sputtering and quantum beam instruments are exploitable for production of metal nanoparticles. The resulting metal nanoparticles are quite stable and they keep their electrocatalytic activities.
Introduction
Room-temperature ionic liquid (RTIL) is a kind of salt exhibiting a liquid phase even at room temperature. Several kinds of RTILs are shown in Fig. 1 with their names and abbreviations. The liquid possesses several attracting features including high ionic conductivity, wide electrochemical windows, and negligible vapor pressure. 15 Such high stability with inertness of RTIL have become very useful to exploit it as electrolytes for Li-ion secondary batteries and low-temperature PEM fuel cells, reaction solvents for organic synthesis and nanoparticle preparation, and lubricants for space technology. 4 The negligible vapor pressure of most RTILs at room-temperature implies that RTILs can be introduced into a vacuum chamber without any vaporization. There are several instruments that require vacuum conditions for material productions and sample analyses. These instruments are inherently adequate for dealing with solid materials because it is quite common sense that the vacuum conditions should provide dry situation. In other words, conven-tional procedures with such the instruments cannot be applied to any wet sample, although we occasionally meet the situation where we desire to deal with wet samples in vacuum equipments. Possibility to introduce RTILs to the vacuum instruments could innovatively change the techniques requiring vacuum conditions. With such though in our mind, we started to put RTILs in vacuum chambers of several instruments.
The first attempt was to observe RTILs with a scanning electron microscope (SEM). 6 The fact that RTILs possess ionic conductivity but they do not possess electric conductivity gave us an anticipation of charging of a RTIL drop during SEM observation. As a matter of fact, nonvolatile silicon oil can also be put in a vacuum chamber without vaporization but it exhibited a white image with lots of noise because of charging behavior ( Fig. 2a) . Surprisingly, however, RTIL droplet gave a dark contrast images without any noise ( Fig. 2b) , implying that RTILs are not charged when an electron beam is irradiated to the liquids. This finding strongly encouraged us to introduce RTILs to several kinds of instruments, as described in this headline article. Tsukasa Torimoto is full professor at the graduate school of engineering at Nagoya University since 2005. He received his Ph.D. from Osaka University in 1994. His current research interests are the preparation of novel nanostructured materials composed of semiconductors and/or metals and their application to the energy conversion systems, such as electrocatalysts for fuel cells and quantum dot solar cells.
Analyses

RTILs for SEM observations
Pulse radiolysis studies on RTILs have revealed that electrons injected in RTILs with high accelerated voltage are stabilized in condensed ions, inducing electrons to move in the liquid. 7 Consequently, RTILs behave like electrically conducting materials for SEM observations. This fact gave us several ideas of using RTILs for SEM observations. The simplest way must be putting conductivity in place of metal or carbon deposition to insulating materials to observe them with a SEM. However, if neat RTIL was put onto the surface of the insulating material, existence of the liquid pools interfered observations of surface details of the abrasive paper, as shown in Fig. 3b , as compared with the case of the Au-deposited sample (Fig. 3a ). This troublesome can be resolved by dilution of RTIL with volatile solvent like alcohol. The abrasive paper was soaked in 2 mol dm ¹3 BMI-TFSI/ethanol solution in a couple of seconds and was taken out of the solution. Leaving it in air for several ten seconds allowed vaporization of ethanol, resulting in stay of a thin RTIL layer on the sample. In fact, its SEM image as shown in Fig. 3c was quite similar to that obtained for the Au-coated abrasive paper ( Fig. 3a ). 7 The use of RTILs as electric conducting material gives another advantage; the liquid can keep the sample wet conditions even in vacuum chamber. This possibility has in particular a positive effect on observation of biological specimens. 812 Some examples are shown in Fig. 4 . Since biological specimens have complex surface structure, metal or carbon deposition cannot perfectly deposit conducting films on the rough surfaces having dimples and indented places. However, liquid can reach anywhere on the complex surface, resulting in complete suppression of the charging behavior. Also replacement of water contained in the biological specimens with RTIL keeps the sample wet condition. As a result, microvilli, which cells like adenocarcinoma cells possess, were clearly observed by SEM ( Fig. 4b ) 9 although preparation of SEM samples including fixation, dry, and metal deposition treatments causes loss of almost all microvilli in general. More impressive results were obtained for SEM observation of fibrous blast cells, as shown in Fig. 4c . The image showed circle cells having outshoots that were quite similar to shapes of cells containing water, which were observed by an optical microscope ( Fig. 4d ). 11 a b Electrochemistry, 80 (7), 498503 (2012)
Observation of electrochemical reactions
It is well known that RTILs work as a favorable electrolyte for several kinds of electrochemical reactions, implying that such the electrochemical reactions can be induced in a vacuum chamber. If this is correct, it is possible to observe the reactions by an electron microscope. 13, 14 We attempted to prove this possibility with SEM observation of electrochemical Ag deposition. For this purpose, we designed an electrochemical cell having a specific figure, as shown in Fig. 5 . A glass plate coated with a fluorine-doped tin-oxide layer (0.9 µm) (FTO glass) was used and its conducting oxide surface was cut to make T-shape grooves. Since RTIL is carefully put in the gashes so as to cause Ag deposition at the cross-section of the FTO layer, the reaction occurs within 0.9 µm from the RTIL surface. This situation allows us to observe the deposition reaction without significant interference by the RTIL.
In situ SEM observation of silver deposition was made by applying electrode potential to the working electrode, while observing the edge of FTO layer. The polarization potential chosen was ¹0.22 V, which was a little more negative than the onset potential of silver deposition (¹0.15 V), and ¹1.14 V vs. Ag/Ag + where the reaction rate is determined by diffusion of Ag + . It is well known that silver deposition with nucleus growth is dominant when overpotential is small, whereas aciculate deposits become dominant at the potentials where diffusion determines the reaction rate. Such the natural rule was well represented by the SEM images taken with the reaction time, as shown in Fig. 6 . 13 
EDX analysis
Energy dispersive X-ray spectrometry (EDX) becomes powerful for elemental analysis at small parts when it is combined with an electron microscope. Our previous studies revealed that EDX analysis is effective for detecting changes in components caused by electrochemical reactions in RTILs. As a concrete application, we utilized this technique to reveal reaction mechanism of the electrochemical actuator.
The actuator device was prepared using a film of poly(vinylidene fluoride-co-hexafluoropropylene) (PVdF-HFP) containing RTIL. This composite film was sandwitched between two thin Pt layers that were deposited by a metal sputtering. When [EMI + ][TFSA ¹ ] was used to prepare the PVdF-HFP-RTIL composite, the resulting actuator bent toward the positive side (Fig. 8a) . The same tendency was observed for other polymer-RTIL composite actuators. Based on such the results, some researchers explained that bending is caused by difference in size between cation and anion of RTIL, the former is a little larger than the latter. Therefore, larger cations and smaller anions are attracted to the negative and positive metal layer, respectively, resulting in expansion of the former side more than the latter.
However, unexpected result was obtained when the fluorohydrogenate RTIL ([EMI + ][(FH) 2.3 F ¹ ]) was used for the composite preparation. The actuator fabricated using this composite bent toward its negative side, as shown in Fig. 8b although size of Electrochemistry, 80 (7) , 498503 (2012) [(FH) 2.3 F ¹ ] is smaller than [TFSA ¹ ], requiring another reaction mechanism that can explain reasonably the bending toward positive and negative sides. Then, we chose in situ EDX analysis using the specifically modified SEM instrument, as shown in Fig. 7 .
The prepared actuator was put on the sample stage of the SEM and DC voltage of «3.5 V was applied to the Pt layers from a power supply outside of the SEM chamber. The one side of the actuator was observed by the SEM and change in amount of ions at vicinity of the Pt layer was detected by EDX while changing polarity of the DC supply. Typical change in the EDX spectra were shown in Figs. 8c and 8d Figs. 8e and 8f can be depicted to explain the actuator's bending. If only cations move in the polymer-RTIL composite, population of ions existing in the vicinity of the positive side decrease and that in the vicinity of the negative side increase, resulting in bending toward the positive side. It is, therefore, explainable that the bending toward the negative side in case of the RTIL, anion of which has larger transport number than cation, as shown in Fig. 8f . 15 
Materials Production
Nanoparticle synthesis by sputtering
Metal sputtering is a technique to deposit a thin metal layer on a solid material under vacuum conditions. Because of negligible vapor pressure of RTIL, the liquid can become an object substance for metal sputtering. Our first attempt of Au sputtering onto [EMI + ][BF 4 ¹ ] and [TMPA + ][TFSA ¹ ] caused coloration of the RTILs to yellow and dark red, respectively. Surprisingly TEM observation of the resulting liquids revealed that production of Au nanoparticles dispersed in the RTILs. 16, 17 As well known, the use of different elements as a target of metal sputtering produces a thin alloy layer on a solid substance. If this way is apply to the sputtering onto RTIL, it was found that alloy nanoparticles were synthesized by the one-pot procedure. Our first attempt to synthesize Au-Ag alloy nanoparticles revealed that the composition of the alloy nanoparticles were determined by the surface ratio of Au and Ag in a target. 18, 19 Furthermore, it was discovered that hollow nanoparticles can be synthesized by some modification of the sputtering method. This fact was found when we attempted to produce indium metal nanoparticles by sputtering of In onto [BMI + ][BF 4 ¹ ]. SEM observation and some analyses of the obtained nanoparticles revealed that they had In/In 2 O 3 core/shell configuration, as shown in Fig. 9a . Since the melting point of In is 156.6°C, we attempted to heat the resulting In/In 2 O 3 -dispersed RTIL at 250°C, giving the In 2 O 3 hollow nanoparticles, a TEM image of which is shown in Fig. 9b . 20 The plausible reaction mechanisms for synthesis of In/ In 2 O 3 and In 2 O 3 hollow nanoparticles are schematically illustrated in Electrochemistry, 80 (7) , 498503 (2012) Figs. 9c and 9d, respectively. The oxidation of the In nanoparticle surfaces and the melted In by heating might be caused by oxygen that was dissolved in the RTIL when the RTIL was taken out from the sputtering instrument. The produced metal nanoparticles are stably dispersed in RTILs for long time without any specific stabilizing agent. However, the nanoparticles can be immobilized onto carbon substances by putting the nanoparticles-dispersed RTIL on a carbon substrate followed by heating and then removal of RTIL by washing with acetonitrile ( Fig. 10a ). 21 When the resulting Pt nanoparticles-immobilized carbon substance was used as an electrode, it exhibited high electrocatalytic activities toward O 2 reduction, indicating that the immobilized Pt nanoparticles kept their catalytic acitvities. 22, 23 Similar method was found to be useful to immobilize Pt nanoparticles onto surfaces of carbon nanotubes, as shown in Fig. 10b . 24 In this case, Pt-dispersed RTIL and carbon nanotubes are vigorously mixed and the resulting mixture was heated, followed by washing with acetonitrile. The Pt nanoparticles on the carbon nanotubes also exhibited high electrocatalytic activities.
Nanoparticle preparation by quantum beam
Irradiation of electron beam to RTIL is another way to synthesize metal particles. This fact was found first when we observed [BMI + ][TFSA ¹ ] containing 0.1 mol dm ¹3 NaAuCl 4 . 25 As shown in Figs. 11a11c, many bright lines appeared in the RTIL droplet on a FTO with observation time. When the bright line was observed with higher magnification, a SEM image of Fig. 11d was obtained. Several experiments and analyses have revealed that Au particles are produced due to reduction of Au 3+ ions by electron beam, and that particle size depends on the experimental conditions. 26 Accelerated electron beam and C-ray generated by industrial plants, which are usually utilized for sterilizing medical kits, are also available for reduction of metal ions to metal nanoparticles. 27 In this case, since irradiation is made by conveying RTIL containing metal ions, which is sealed in a sample vial, through the generator, mass production of metal nanoparticles is possible. This technique were able to synthesize several kinds of metal nanoparticles, such as Au, Ag, Cu, Ni, Pd, Pt, Mg, Fe, Zn, Al, Sn, and FePt alloy. 28 
Conclusion
Chemists including electrochemists prefer wet conditions than dry conditions because the former is more desired for inducing chemical reactions. Since wet conditions are also required for all living things, investigation of biomaterials under wet conditions are much better than that under dry conditions. Unfortunately, however, many instruments for precise analyses and those for material production with micro or nano scales require vacuum conditions because air interferes with precise proving and controlling. So far, Electrochemistry, 80 (7) , 498503 (2012) vacuum and wet are contradictory words because there has been no liquid which can stand in vacuum without vaporization. RTIL is the first liquid that can set the relationship between vacuum and wet on the right footing. There are more instruments requiring vacuum conditions than those introduced in this article. We would like to apply RTIL to more instruments to make many scientists know that RTIL is the key material to solve the mysteries of our wet world.
